A record of single-layer and overcast low-level Arctic stratus cloud properties has been generated using data collected from May to September 2000 at the Atmospheric Radiation Measurement (ARM) North Slope of Alaska (NSA) (71.3ЊN, 156.6ЊW) site near Barrow, Alaska. The record includes liquid-phase and liquid dominant mixed-phase Arctic stratus macrophysical, microphysical, and radiative properties, as well as surface radiation budget and cloud radiative forcing. The macrophysical properties consist of cloud fractions, cloud-base/top heights and temperatures, and cloud thickness derived from a ground-based radar and lidar pair, and rawinsonde sounding. The microphysical properties include cloud liquid water path and content, and cloud-droplet effective radius and number concentration obtained from microwave radiometer brightness temperature measurements, and the new cloud parameterization. The radiative properties contain cloud optical depth, effective solar transmission, and surface/cloud/top-of-atmosphere albedos derived from the new cloud parameterization and standard Epply precision spectral pyranometers. The shortwave, longwave, and net cloud radiative forcings at the surface are inferred from measurements by standard Epply precision spectral pyranometers and pyrgeometers. There are approximately 300 h and more than 3600 samples (5-min resolution) of single-layer and overcast low-level stratus during the study period. The 10-day averaged total and low-level cloud (Z top Ͻ 3 km) fractions are 0.87 and 0.55, and low-level cloud-base and -top heights are around 0.4 and 0.8 km. The cloud-droplet effective radii and number concentrations in the spring are similar to midlatitude continental stratus cloud microphysical properties, and in the summer they are similar to midlatitude marine stratus clouds. The total cloud fractions in this study show good agreement with the satellite and surface results compiled from data collected during the First International Satellite Cloud Climatology Project (ISCCP) Regional Experiment (FIRE) Arctic Cloud Experiment (ACE) and the Surface Heat Budget of the Arctic Ocean (SHEBA) (ϳ77ЊN, 165ЊW) field experiments in 1998. The cloud microphysics derived from this study are similar, in general, to those collected in past field programs, although these comparisons are based on data collected at different locations and years. At the ARM NSA site, the summer cooling period is much longer (2-3 months vs 1-2 weeks), and the summer cooling magnitude is much larger (Ϫ100 W m Ϫ2 vs Ϫ5 W m Ϫ2 ) than at the SHEBA ship under the conditions of all skies at the SHEBA and overcast low-level stratus clouds at the NSA site.
Introduction
Clouds are the dominant modulators of radiation in the Arctic both at the surface and top of atmosphere. Their impact on the radiation fluxes depends on cloud particle size and shape, and the amount and phase of condensed water and its vertical and horizontal distributions (Curry et al. 2000; Randall et al. 1998 ). The cloud-radiative interactions in the Arctic are very complex due to low temperatures and absolute humidity, large solar zenith angles, the presence of the highly reflective and inho-mogeneous snow/ice surfaces and multiple cloud layers, and persistent temperature inversions (Curry et al. 1996; Stamnes et al. 1999) . The importance of cloud-radiative interactions to global climate has been highlighted by many investigators (e.g., Wetherald and Manabe 1988; Mitchell and Ingram 1992) and recent climate modeling results have revealed that the largest disagreement between coupled climate model simulations of present-day climate is found in the Arctic region (Gates 1992; Tao et al. 1996) . These results reflect the weakness of our current understanding of the sensitivity of the simulated Arctic climate to different formulations of various physical processes in global models (Randall et al. 1998 ). An aspect of Arctic clouds that makes them difficult to treat in climate models is that they are often optically thin, so that their emissivities are often less than one and a function of particle size (Garrett et al. 2002; Curry and Ebert 1992) . The albedo of snow has a strong spectral variation and is a function of the ratio of direct-to-diffuse radiation, VOLUME 16 J O U R N A L O F C L I M A T E both of which are affected by cloud optical depth, which further complicates the treatment of radiative transfer in the cloudy Arctic .
To provide a much-needed source of high-latitude data concerning the physical state of the Arctic atmosphere, several extensive field programs have been conducted in the past several years. The Department of Energy Atmospheric Radiation Measurement (ARM) program (Stokes and Schwartz 1994) established the ARM North Slope of Alaska (NSA) site (71. 3ЊN, 156 .6ЊW) at Barrow, Alaska, in 1998 (Stamnes et al. 1999) . The general approach adopted by the ARM program is to use long records of surface observations to develop, test, and improve cloud parameterizations in the context of single GCM grid columns and then to transfer the resulting parameterizations into full threedimensional GCMs . As a precursor to the establishment of the site at Barrow, the ARM program operated concurrently with the First International Satellite Cloud Climatology Project (ISCCP) Regional Experiment (FIRE) Arctic Cloud Experiment (ACE; Curry et al. 2000) and the Surface Heat Budget of the Arctic Ocean (SHEBA) project (Perovich et al. 1999) . In addition to observations collected at Barrow, ARM surface-based instruments were also installed on or near the SHEBA ship that served as a floating science station in the Beaufort Sea and drifted from 75. 3ЊN, 142.7ЊW to 80.5ЊN, 166ЊW during October 1997 -October 1998 . FIRE ACE made aircraft observations and satellite retrievals over the SHEBA ship (at ϳ77ЊN, 165ЊW) and Barrow from April to July 1998 (Curry et al. 2000) . ARM, FIRE, and SHEBA share scientific objectives that focus on collecting and evaluating data so that the physical processes that drive the large-scale atmosphere in the Arctic are more faithfully represented (Randall et al. 1998 ). In particular, ARM has a longterm program (ϳ10 yr) of surface-based observations and modeling of clouds and radiation at Barrow, FIRE ACE provided in situ aircraft measurements during the 4-month period to improve satellite retrievals of cloud and surface characteristics in the Arctic, while SHEBA was a 1-yr program to observe the surface energy balance and the sea ice mass balance of the Arctic Ocean (Curry et al. 2000; Randall et al. 1998) .
To begin the process of evaluating cloud parameterizations and validating satellite retrievals using data collected at Barrow, we have compiled a 5-month record of single-layer and overcast low-level stratus cloud macrophysical, microphysical, and radiative properties, as well as surface radiation budget and cloud radiative forcing using data collected at the ARM NSA site near Barrow, Alaska, from May to September 2000 (referred to collectively as the summer 2000 results). During this period, the liquid-phase and liquid dominant mixedphase low-level Arctic stratus clouds occurred frequently, which makes it possible to retrieve their microphysical and radiative properties using the new cloud parameterization (see the appendix). The record of cloud properties provides a unique source of information for studying the seasonal variation of Arctic stratus cloud properties and their impact on the surface radiation budget. In order to establish the representativeness of the datasets collected at Barrow during summer 2000, the cloud properties are compared with aircraft in situ measurements in similar conditions (Lawson et al. 2001; Hobbs et al. 2001; Dong et al. 2001) , surface observations (Intrieri et al. 2002a,b; Curry et al. 2001) , and satellite data Maslanik et al. 2001) during the FIRE ACE and SHEBA field experiments. We also compare the summer 2000 results with the aircraft in situ measurements collected over the Beaufort Sea during the Arctic Stratus Clouds (ASC) experiment in June 1980 (Herman and Curry 1984; Tsay and Jayaweera 1984) and the Beaufort and Arctic Storms Experiment (BASE) in autumn 1994 (Pinto et al. 2001) , as well as from Hobbs and Rangno's study in June 1995 (Hobbs and Rangno 1998) . Although these comparisons are based on data collected at different locations and different years, this allows us to pose the following two questions: 1) What is the seasonal variation of Arctic stratus cloud macrophysical, microphysical, and radiative properties at Barrow, Alaska, from spring to autumn? How and when does this seasonal variation of cloud properties influence the surface radiation budget? 2) How well do the summer 2000 results, generated at a single point over one summer, represent the western Arctic summer climatology? For example, what are the differences in the cloud properties and associated radiative forcing between Barrow and the SHEBA ship? Does the cooling effect of clouds vary in duration and strength at the two sites?
Data
The datasets in this study are collected from direct surface measurements or derived from surface measurements, as well as calculated from a new parameterization developed from an existing cloud property retrieval algorithm (see the appendix). The surface observations at the ARM NSA site in this study are listed in Table 1 . The millimeter wavelength cloud radar (MMCR; Moran et al. 1998 ) is the centerpiece of this instrument array. The MMCR operates at a wavelength of 8 mm in a vertically pointing mode, and provides continuous profiles of radar reflectivity from hydrometers advecting through the radar field of view allowing us to identify clear and cloudy conditions. The cloudtop height (Z top ) is derived from the MMCR reflectivity profile, and the cloud-base height (Z base ) is derived from laser ceilometer measurements. Since the laser ceilometer is sensitive to the second moment of the particle distribution instead of the sixth moment like the MMCR, the ceilometer provides a more faithful estimate of cloud base. The temporal and vertical resolutions and maxi- Table 1 . The total and low-level cloud fractions are averaged over 10-day intervals from the combined measurements of the MMCR and ceilometer as the fraction of time that the upward-looking narrow field-of-view radar and ceilometer detected clouds. The total cloud fraction is the fraction of time cloud detected anywhere in the vertical column, and the low-level cloud fraction is the fraction of time low cloud (Z top Ͻ 3 km) detected during a 10-day period. The cloud fraction discussed here should not be confused with an instantaneous hemispheric cloud fraction used in radiative calculations and reported in surface observations. Averaged over a long time period, the two definitions tend to converge, however. Values of cloud base and top temperatures (T base and T top ) are found from ARM NSA rawinsonde soundings (launched once per day at around local noon) using Z base and Z top derived from the ceilometer and radar data. The cloud liquid water path (LWP) is derived from microwave radiometer brightness temperatures measured at 23.8 and 31.4 GHz using a statistical retrieval method . The root-mean-square (rms) accuracies of the retrievals are about 20 g m Ϫ2 and 10% for cloud LWP below and above 200 g m Ϫ2 , respectively (Dong et al. 2000, hereafter D00; Liljegren et al. 2001) . This retrieval method may overestimate the LWP of supercooled clouds (Westwater et al. 2001) due to poorly known absorption coefficients and an incorrect treatment of the cloud liquid dielectric model. However, the overestimation of LWP (ϳ10-20 g m Ϫ2 ) is within the expected accuracy of the retrievals (J. Liljegren 2001, personal communication) , and its influence on the retrieved effective radius is also within the uncertainty of the retrieved effective radius (Dong et al. 1997 (Dong et al. , 1998 ; hereafter D97, D98). Therefore, the low limit of LWP is set to 20 g m Ϫ2 in this study. The up-and down-looking standard Eppley precision spectral pyranometers (PSPs) and precision infrared radiometers (PIRs) (pyrgeometer) provide measurements of downward and upward broadband shortwave (0.3-3 m) and longwave (4-50 m) fluxes at the surface, respectively. The absolute accuracies of the PSP and PIR measurements are approximately 10 W m Ϫ2 . The surface albedo (R sfc ) is derived from the ratio of upward to downward shortwave flux measurements. The effective solar transmission (␥) is the ratio of the measured cloudy downward shortwave flux at the surface to the inferred clear-sky downward shortwave flux that would be recorded by the broadband pyranometer if there were no clouds. Long and Ackerman (2000) first fit the downward shortwave flux measurements on the clear-sky days that are closest in time to the cloudy days, and then interpolate the empirical curve-fitting values to cloudy days to estimate clear-sky downward shortwave fluxes that would be observed under the assumption of constant aerosol optical depth during this time period. The aerosol optical depth can vary by a factor of 4 over a short period of time during Arctic haze events (which are common in spring) when the aerosol optical depth can be as high as 0.5 (e.g., Stone 1997) . These variations may have a significant impact on the inferred clear-sky shortwave flux and thus affect the retrievals of cloud properties. Strictly speaking, the inferred clear-sky downward shortwave fluxes on the cloudy days are not measurements; nonetheless, they are derived from the measurements and should be more appropriate than model calculations in estimation of ␥ because the estimated clear-sky values automatically incorporate any biases between measured and modeled surface downward shortwave fluxes (Kato et al. 1997) . The ␥ increases with increased R sfc because the PSP-measured cloudy downward solar flux at the surface includes the multiple reflections of solar radiation between the cloud layer and the highly reflective surface (see Fig. A1 of the appendix).
The cloud-droplet effective radius (r e ), number concentration (N), broadband shortwave optical depth (), and bulk albedos at the top of cloud and atmosphere (R cldy , R TOA ) with the underlying reflecting surface are calculated by the new cloud parameterization. The new cloud parameterization is the same as that described by D98 except the impact of surface albedo is included. More details about the retrieval method and old/new cloud parameterizations are discussed in the appendix. The uncertainties in , R cldy , and R TOA are generally less than 5%, while in r e and N they are about 10 and 30%, respectively (D97; D98).
Results
We have established five criteria for choosing the clouds under which cloud properties can be estimated
The 10-day means (std devs) are simply the averages of all samples (5-min resolution) for (a) total and low cloud fractions, and the selected samples using the five criteria for (b) cloud-base and -top heights, (c) temperatures, and (d) cloud thickness in km within a 10-day period. The cloud-base and -top heights are derived from the radar and ceilometer measurements, respectively, and cloud-base and -top temperatures from the ARM NSA rawinsonde soundings (ϳlocal noon) using the ceilometer and radar-derived cloud-base and -top heights.
using the new cloud parameterization. These criteria are (i) only single-layer and overcast low-level stratus clouds are present as determined from cloud radar observations, (ii) the cosine of solar zenith angle ( 0 ) is larger than 0.2, (iii) the range of ␥ is between 0.1 and 0.8, (iv) LWP is between 20 and 600 g m Ϫ2 , and (v) Z top is less than 3 km. The physical reasons for using these five criteria were discussed in D00. We identified approximately 300 h of the stratus clouds (more than 3600 samples at 5-min resolution) that satisfied these five criteria during the study period, which include the retrieved cloud parameters from the new cloud parameterization and the measured or derived cloud quantities from surface observations. The retrievals consist of cloud-droplet effective radius (r e ) and number concentration (N), broadband shortwave optical depth (), and bulk albedos at the top of cloud and atmosphere (R cldy , R TOA ) with the underlying reflecting surface. The measured or derived cloud quantities include cloud-base/top heights (Z base /Z top ) and temperatures (T base /T top ), cloudlayer geometric thickness (⌬Z), cloud LWP and liquid water content (LWC), effective solar transmission (␥), surface albedo (R sfc ) with a cloud above, and cloudy net shortwave (SW) and longwave (LW) fluxes. Other cloud elements, including total and low-level cloud fractions (C tot , C low ) and clear-sky net SW and LW fluxes, are compiled irrespective of the five conditions listed above.
As shown in Fig. 1 , clouds were dominant at the NSA site during the study period, thus there were only limited LW and SW flux measurements for clear-sky conditions during any 10-day period. The averaged clear-sky LW flux may provide a representative value of the 10-day clear-sky LW flux because LW flux does not change too much for the daytime. However, SW flux is strongly dependent on solar zenith angle so that the averaged clear-sky SW flux from the limited samples during a 10-day period cannot represent real clear-sky information. Therefore, we use the empirical curve-fitting technique to infer clear-sky downward SW flux, and then use it with all-sky (clear and cloudy) measured R sfc to infer clear-sky upward SW flux. We note that all-sky R sfc is slightly different from clear-sky R sfc , but this appears to be the most reasonable approach to inferring the clear-sky SW fluxes for conditions that are predominantly cloudy. The clear-sky net LW and SW fluxes are deduced from the difference between downward and upward fluxes for 0 Ͼ 0.2 during the 10-day period to be consistent with the cloudy net fluxes. The clearsky values are then used to derive LW and SW cloud radiative forcings.
a. Macrophysical properties
The 10-day means and standard deviations of cloud macrophysical properties from May to September 2000 at the ARM NSA site are shown in Fig. 1 , and the corresponding frequency distributions during the 5-month period are shown in Fig. 2 . These means (standard deviations) are simply the averages of all samples (5-min temporal resolution) within a 10-day period. The averaged C tot during the 5-month study period is 0.87 with a maximum of 0.96 in September and a minimum of 0.77 in June, and the averaged C low is 0.55 with a maximum of 0.69 in May and a minimum of 0.47 in June. From high values of total and low-level cloud fractions, we can draw a conclusion that the ARM NSA site is an ideal location to study clouds, especially lowlevel stratus clouds. The 10-day averaged Z base and Z top altitudes are, in general, around 0.4 and 0.8 km, leading to a ⌬Z of 0.4 km. From the frequency distributions, most Z base values are less than 1 km with a mean value of 0.47 km and a standard deviation of 0.56 km, and most Z top values are less than 1.5 km and have a broad frequency of occurrence histogram. Most T base and T top values are above 0ЊC from late June to early September, whereas others range from Ϫ10Њ to 0ЊC with liquid dominant mixed-phase stratus clouds.
b. Microphysical properties
The 10-day means and standard deviations of cloud microphysical properties are shown in Fig. 3 , and the corresponding frequency distributions are also shown in , then decrease to 0.2 g m Ϫ3 in late September. Thus, cloud LWC during the summer 2000 at the NSA site increases with increased cloud mean temperature. This positive correlation (0.31) between LWC and cloud mean temperature is not found using data collected at the ARM Southern Great Plains (SGP) site (36.6ЊN, 97.5ЊW) (D00). We find no correlation between cloud LWP and cloud temperature in this study nor is this correlation found at the ARM SGP site (Table 2 in D00). These findings are based on 10-day means in this study and monthly means at the ARM SGP site and therefore should be viewed with caution. The only difference between these two quantities (LWP and LWC) is the cloud geometric thickness. This suggests that warmer cloud layers are thinner but contain higher LWC than colder layers at the ARM NSA site, not at the ARM SGP site. The difference in the relationships between cloud thickness and temperature at the NSA and SGP sites may reveal that the formation, maintenance, and dissipation processes of stratus clouds in the midlatitudes and Arctic are different. Preliminary calculations suggest these correlations are lower at higher temporal resolution and additional study is ongoing to explain these findings.
The 10-day means and standard deviations of r e and N are illustrated in Fig. 3 , and their frequency distributions are also shown in Fig. 2 . The means of r e monotonically increase from early May to mid June, then begin to decrease in August. Overall, r e is larger during the summer than in the spring and autumn. As Fig. 2 demonstrates, most effective radii range from 4 to 16 m with a bimodal distribution. The small and large modes appear to peak at 6-7 m and 11-14 m, respectively. The smaller particle mode mainly consists of clouds that were observed during the spring and autumn, while the larger particle mode is mostly from the clouds observed during the summer. The variation of N VOLUME 16 is always complementary to that of r e with much smaller values during the summer than in the spring and autumn (Fig. 3 ). More than 70% of the N values are less than 150 cm Ϫ3 with a mean and standard deviation of 117 and 113 cm Ϫ3 , respectively. During the summer, the means of r e and N are around 13 m and 60 cm Ϫ3 , which are the same as midlatitude marine stratus cloud microphysical properties (D97). While during the spring and autumn seasons, the means of r e vary from 7 to 10 m, and the N values are around 200 cm Ϫ3 -similar to midlatitude continental stratus clouds (D97; D98; D00; Mace and Sassen 2000; Dong et al. 2002) . We note that the variations of r e and N, as discussed above, are similar to that reported in D00 using data collected at the ARM SGP site. This suggests that similar seasonally varying factors may be influencing the cloud microphysical properties at the two sites. These factors include the increased levels of absolute humidity in the warmer temperatures, more vigorous boundary layer dynamics due to solar heating, and/or a decrease in the strength of the inversion near cloud top. Aerosol effects may be another factor for the variation of cloud microphysics at the NSA site as we discussed in section 2. Factors that may lead to the seasonal variation of cloud microphysics are discussed in the next section. We now demonstrate how this seasonal cycle in cloud microphysics influences the seasonal variation of cloud radiative properties.
c. Radiative properties
The calculated broadband cloud optical thickness (), and bulk albedos at the top of cloud and atmosphere (R cldy , R TOA ), as well as the PSP-derived effective solar transmission (␥) and surface albedo (R sfc ) are illustrated in Fig. 4 , and their frequency distributions are shown in Fig. 5 . The R sfc values in May are more than 0.8, then decrease significantly from the beginning to the end of June, and keep nearly a constant value of 0.16 for the whole summer, and finally increase from early to late September (0.8). The large standard deviation of R sfc in mid June suggests that snow melted quickly in that time period, while the first snow of the coming winter occurred in the middle of September. With a snow-covered surface, the cloudy-sky surface albedo is approximately 5% higher than the clear-sky surface albedo because snow reflects diffuse solar radiation better than direct solar radiation and clouds attenuate near-IR radiation more efficiently than visible radiation.
The variations of the 10-day means of R cldy and R TOA basically follow the trend of R sfc . These results confirm that R cldy and R TOA depend on both and R sfc . During summer both R cldy and R TOA are mainly determined by , and do not depend on R sfc because R sfc is low and constant. As Fig. A1 (in the appendix) demonstrates, the dependence of R cldy on becomes smaller with increased R sfc for nonabsorbing cloud. This argument has been confirmed by the R cldy values in mid-and late September periods where is smaller and both R cldy and R sfc are larger in late September than in mid September. The variation in the 10-day means of follows the variation of LWP, and most of the values are between 5 and 20 with a mean value of 12.9 (Fig. 5) . Only 6% of the values are less than 5, which are mainly due to the selection criteria (iii) and (iv) listed in the beginning of this section. Here ␥ is negatively correlated to for low R sfc , but this correlation is significantly modified under a snow-covered surface. For instance, the (ϳ15) in early June is almost double the value (ϳ8) in mid June, whereas the ␥ values in these two periods are nearly the same. This is mainly due to the R sfc difference where the former R sfc (0.74) is about 50% higher than the latter R sfc (0.49). The higher R sfc results in more multiple reflections of solar radiation between the cloud layer and the highly reflecting surface, which ultimately results in higher ␥.
The importance of r e and R sfc to R cldy is demonstrated in the appendix (Fig. A2) . For fixed LWP, R cldy has a significant dependence on both r e and R sfc . The seasonal variation of cloud microphysics, small (large) r e (N) during the spring and large (small) r e (N) during the summer in this study, strongly supports the seasonal variation of R cldy (high in spring and low in summer). It appears that R cldy is significantly affected by the cloud properties during the summer when R sfc is relatively small, but not during the spring because R cldy is insensitive to cloud optical depth when R sfc is large (Figs. A1 and A2 ).
d. Surface cloud radiative forcing
The change in the surface radiation balance due to clouds is termed cloud radiative forcing (CRF). The CRF is classified into shortwave (CRF SW ) and longwave (CRF LW ) and defined as (Ramanathan et al. 1989; Curry et al. 1996) CRF
The CRF is the difference between the flux when skies are overcast (Q 1 and F 1 , cloud fraction ϭ 1) and when they are clear (Q 0 and F 0 , cloud fraction ϭ 0), and Q and , and the clear-sky net SW flux is only slightly larger than the cloudy net SW flux when R sfc is large. However, during the summer when R sfc is small, both cloudy (ϳ100-200 W m Ϫ2 ) and clear-sky (ϳ300-400 W m Ϫ2 ) net SW fluxes are large with a peak during late June-early July. During this time period, the clear-sky net SW flux is much larger than the cloudy net SW flux showing that the SW cooling effect of Arctic stratus is obvious and dominant at Barrow. The cloudy net LW flux is nearly constant and around Ϫ20 W m Ϫ2 while the clear-sky net LW flux decreases approximately from Ϫ50 W m Ϫ2 in May to Ϫ100 W m Ϫ2 in July due to the significant increase in surface temperature that results in increasing upward LW flux. The surface temperature is nearly equal to the cloud-base temperature because the surface is in the thermal equilibrium with the clouds. This is particularly true for the overcast, optically thick cloud conditions used in this study. The surface does warm when clouds are not present because of solar heating.
Compared to the SW CRFs, the LW CRFs maintain relatively small positive values and vary slightly during the 5-month period. The LW CRFs range from around 40 W m Ϫ2 in May to 70 W m Ϫ2 during July-August, while the SW CRFs vary from Ϫ30 W m Ϫ2 in May to Ϫ170 W m Ϫ2 during July-August, and then return to Ϫ30 W m Ϫ2 in September. The net CRFs drop from a small positive value (ϳ10 W m Ϫ2 ) in May to a large negative value (Ϫ100 W m Ϫ2 ) in the summer, and then return to near the springtime values in September. The variation of net CRFs is mainly determined by the SW CRFs and the trend of net CRF variation is nearly the same as that of R sfc except during the middle of July. During the summer, R sfc is low and the net CRF values are large but negative-a strong cooling effect that is similar to low and middle latitude stratus clouds (Ramanathan et al. 1989; Harrison et al. 1990; Hartmann et al. 1992) . During the spring and autumn seasons, the SW CRFs are small and the LW CRFs are the dominant factor in the net CRFs. The positive net CRFs during the spring and autumn seasons suggest that Arctic stratus clouds have a warming effect on the surface relative to a cloudless atmosphere. The warming effect of clouds in spring will tend to enhance snow melting and in fall it may slow the solidification of the permafrost.
Understanding the impact of cloud properties on the surface energy balance is not always straightforward, however. For example, all net CRFs (Fig. 6 ) during the summer are around Ϫ100 W m Ϫ2 except the middle of July. During the summer, all values are more than or around 10 except during the period of mid July (ϳ6) when optically thinner layers allow some direct solar flux to penetrate to the surface. Therefore, the SW CRF has a small negative value that results in a small negative net CRF during that period. The reason leading to the bump of net CRF in mid July is mainly due to our selection criterion (iii) where the range of ␥ is between 0.1 and 0.8 in this study. In all previous studies, the maximum of ␥ was set to 0.7 ensuring that only diffuse solar radiation was recorded by the ground-based solar radiometers. The maximum of 0.8 in this study is reasonable to account for the multiple reflections of solar radiation between the cloud layer and the highly reflective snow/ice surface, in which the diffuse solar transmission is still dominant. However, for lower R sfc during summer, the maximum of 0.8 results in the inclusion of some situations where direct solar flux contributes to the ground-based PSP observations. The apparent anomaly in the middle of July includes a significant number of such cases. If we set the maximum of ␥ to 0.7, the new net CRF will be Ϫ96 W m Ϫ2 for that period, which is much more negative than the original value (Ϫ52 W m Ϫ2 ) and also much closer to the net CRFs of nearby time periods. This new set (␥ max ϭ 0.7) significantly affects the net CRF calculation in the period of mid July but not for other time periods because the percentage of ␥ Ͼ 0.7 is more than 35% for that period, while it is less than 5% for other 10-day periods during the summer. However, many cloud samples during the spring and autumn periods would be missed if the maximum of ␥ were set to 0.7. Therefore, we still use ␥ max ϭ 0.8 in this study.
The bump of net CRF in mid July also suggests that there are other factors affecting the net CRF except R sfc , and this motivates us to calculate the correlation coefficients between net CRF and cloud parameters. The correlation coefficients between net CRF and R sfc , ␥, and from the averages of 15 10-day periods in this study are 0.79, 0.53, and Ϫ0.24, respectively. It is straightforward to understand the positive correlation between net CRF and R sfc because the net CRF values are small positive for high R sfc and large negative for low R sfc . The positive (negative) correlation between net CRF and ␥() also appears reasonable because a low (large) solar transmission (optical depth) will result in a small cloudy net SW flux and a large negative net SW CRF, and therefore a large negative net CRF. A more complete understanding of the quantitative correlations between the SW/LW/net CRFs and the cloud parameters should be determined from higher temporal resolution data, such as hourly or daily, rather than 10-day averages and by examining the meteorological situations that contribute to the formation and maintenance of cloud fields in this region.
e. Summary
The single-layer and overcast low-level Arctic stratus macrophysical, microphysical, and radiative properties, as well as surface radiation budget and cloud radiative forcing at the ARM NSA site are summarized as a function of month in Table 2 both Z base and Z top values are more than 1 km. Both T base and T top increase more than 10 K from the spring to the summer where the Arctic stratus has changed from liquid-dominant mixed phase to liquid phase only. The r e and N values in the spring are similar to midlatitude continental stratus cloud microphysical properties (D00), and in the summer they are similar to midlatitude marine stratus clouds (D97). Here R cldy and ␥ depend on both and R sfc when R sfc is high. If we define the significant time periods at the ARM NSA site based on this study, from May to mid June is the transition period of spring melting, from late June to early September is summer, while the transition period to autumn freezing started in mid September during the year 2000. During the summer, Arctic stratus clouds have a strong cooling effect on the surface while during the spring and autumn periods, they have a slight warming effect at the ARM NSA site.
Discussion and comparisons with other datasets
To determine how well the data collected at Barrow and analyzed in this study represent cloud properties in the western Arctic region, it is necessary to compare with other field observations. Therefore, we compare the summer 2000 results with aircraft in situ measurements (Lawson et al. 2001; Hobbs et al. 2001; ), surface observations (Intrieri et al. 2002a ,b, Curry et al. 2001 , and satellite retrievals Maslanik et al. 2001 ) during the FIRE ACE and SHEBA experiments. We also compare with aircraft in situ measurements collected over the Beaufort Sea during the ASC experiment in June 1980 (Herman and Curry 1984; Tsay and Jayaweera 1984) and the BASE experiment in autumn 1994 (Pinto et al. 2001) , as well as from Hobbs and Rangno's study in June 1995 (Hobbs and Rangno 1998) . Although these comparisons are based on data collected at different locations and years, it is instructive to consider the similarities and differences between the ARM NSA results and data collected in other field campaigns.
a. Cloud formation, maintenance, and dissipation processes
Paluch and Lenschow (1991), based on aircraft in situ measurements, developed a conceptual model of the life cycle of a marine stratus layer in the midlatitudes. It starts initially as a thin, homogenous layer, then grows and becomes patchy with time and produces precipitation. This stage is followed by the formation of small cumuli below and eventually disintegrates, leaving a field of cumuli behind. The summer stratus clouds at the ARM SGP site (36.6ЊN, 97.5ЊW), based on the 25-month datasets in the D00 study, normally form in the morning and dissipate in the afternoon due to strong solar heating at the surface, and the lifting of entire cloud layer from morning to afternoon. The life cycle of a stratus cloud event at the ARM SGP site is similar to the conceptual model generated by Paluch and Lenschow (1991) except that the end result is normally dissipation without precipitation.
By contrast, a summer Arctic stratus event at the ARM NSA site tends to last at least a few days, and even more than 10 days as we found in this study. It is apparent that the formation, maintenance, and dissipation processes of Arctic stratus clouds are significantly different from what typically occurs at the SGP site or was hypothesized in the conceptual models. Arctic stratus clouds are formed very near the sea-ice surface if warm moist air advects over the cold Arctic Ocean, or by a convective-type process if cold polar air flows over a warmer sea-ice surface (Tsay and Jayaweera 1984) . As Herman and Goody (1976) pointed out, once Arctic stratus clouds form, they persist. This is the significant difference between the Arctic and midlatitude stratus clouds. In the Arctic the dissipative mechanisms found in the midlatitudes such as precipitation, convective heating from the surface, absorption of solar radiation, and destruction by synoptic activity are either nonexistent or relatively weak. The persistence of the cloud field occurs in a steady-state situation where dissipative processes are balanced by advection of air masses into a region where the synoptic regimes are suitable for cloud formation and maintenance. Certainly further study is required to more fully understand these feedbacks and eventually parameterize these physical processes in large-scale models.
b. Cloud fraction
Cloud fraction for the surface observer is the percentage of the sky dome covered by clouds, while for the satellite imager, it is the ratio of the number of pixels classified as cloudy to the total number of pixels within some defined earth surface area. Cloud fraction derived from lidar and/or radar measurements is simply the percentage of returns that are cloudy within a specified sampling time period. If all three measurements are taken at the same time with some time allowance for building a set of returns for lidar/radar estimate, it is unlikely that they will agree completely for a given observation unless there are extensive overcast or clear skies. Each viewing perspective provides an estimate for a unique area that may contain a different fractional cloudiness. However, if it is assumed that the cloud cover, when averaged over a sufficient time interval, is essentially invariant over a relatively large area (e.g., 100-km wide) then the mean values from all three sensors should agree if each provides an accurate representation of the mean cloud fraction.
The monthly averaged total cloud fractions derived in this study and during the FIRE ACE and SHEBA experiments are listed in Table 3 . The monthly averaged cloud fractions from the surface observers are based on 6-hourly visual observations ; Mas- ) are averaged over the Arctic Ocean for a 25-km radius centered on the SHEBA ship. These two satellites provide good diurnal sampling except between 1800-2400 local time (LT). The cloud fractions derived by Maslanik et al. (2001) are based on the newly available 5-km resolution AVHRR-based Polar Pathfinder products at 1400 LT for the 105 km ϫ 105 km region centered on the SHEBA ship. It is noted that the monthly averaged cloud fractions derived from the SHEBA radar/lidar pair are generally higher than those derived from the ARM NSA radar/ ceilometer pair. This difference may be partially real owing to differences in location and year (surface types, air masses, annual variability, etc.) and partially an artifact of different sampling. This is not surprising because the clouds are identified by both radar and ceilometer in this study, while by either radar or lidar in the Intrieri et al. (2002b) study. Some of the optically thin clouds may be too thin to be detected by radar (and satellite) but have been detected by lidar due to the different sensitivities of radar and lidar to clouds. Radar is sensitive to the sixth moment of particle distribution while lidar is sensitive to the second moment (D97; Intrieri et al. 2002b) . The difference of cloud fraction between Minnis and Maslanik's studies is probably due to (i) the retrieval technique, (ii) temporal sampling (0000-1800 LT vs 1400 LT), and (iii) spatial sampling (a 25-km radius vs 105 km ϫ 105 km).
Overall, the comparison of cloud fractions between this study and FIRE ACE and SHEBA experiments agree reasonably well and show that the monthly averaged total cloud fractions observed during the two field programs are similar to one another. We do not expect to have a perfect quantitative match from this comparison; rather, we expect to have an agreement in variability for both clear and cloudy periods from a statistical point of view.
c. The climatology of aerosol characteristics and their trajectories
In general, the aerosol concentration in the NSA region from January to April is at a maximum with a source that is largely traceable to man-made pollutants. During May and June a second peak in aerosol concentration is found due to increased phytoplankton activity, while in late summer and early autumn, the concentration tends to be at a minimum due to efficient scavenging by precipitation during the summer months (Pinto et al. 2001; Barrie 1986; Bigg 1980) . Harris and Kahl (1994) used a new isentropic air trajectory model to produce 10-day back trajectories that arrived at nearsurface altitudes above Barrow during 1985-92. They found that the atmospheric flow patterns for the period 1985-92 depicted by cluster-mean back trajectories arriving at Barrow were mostly southerly/southwesterly and northeasterly during summer and westerly during winter. The former brought warm moist air to form summer Arctic stratus clouds, while the latter brought polluted air masses to the NSA region from north central Russia contributing to Arctic winter pollution and the Arctic haze season. They also found that no pollution was transported from either the contiguous United States or Europe during the 8-yr period.
The climatology of aerosol characteristics in this region and their typical trajectories support our findingssmall (large) cloud-droplet effective radius and high (low) concentration occur during the spring (summer) when the aerosol concentration is high (low). Although the studies cited here are not directly related to the same study period, we know of no reason to suspect that their results would not hold generally. Certainly more study is needed to investigate the day-to-day and month-tomonth variations of aerosol concentrations at the ARM NSA site and the effect of seasonable variation in aerosol on the microphysical properties of Arctic stratus, and thereby the indirect effect of aerosol on the surface energy balance in this region.
d. Cloud microphysics
In this section, we compare the summer 2000 results with aircraft in situ measurements from the National Center for Atmospheric Research (NCAR) C-130 Lawson et al. 2001 ) and the University of Washington (UW) Convair-580 (Hobbs et al. 2001 ) over the SHEBA ship during the FIRE Arctic Clouds Experiment. We also compare with the in situ measurements collected over the Beaufort Sea by the UW Convair C-131A research aircraft in June 1995 (Hobbs and Rangno 1998) and by the NCAR Electra aircraft during the ASC experiment in June 1980 (Herman and Curry 1984) . Finally, the cloud microphysics observed by the NCAR C-130 aircraft during the BASE experiment from late September to early October 1994 (Pinto et al. 2001 ) is also listed in Table 4 .
The aircraft results in Dong et al. (2001) were averaged from 1 or 2 h of Forward Scattering Spectrometer Probe (FSSP-100) measurements when the aircraft was within a radius of 10 km of the SHEBA ship. In Lawson's study, LWC was measured by a King hot-wire LWC device and N by an FSSP-100. In Hobbs et al. (2001) and Hobbs and Rangno (1998) , the r e and N values were measured by the same probe, FSSP-100, while the LWC values were observed by the Gerber Scientific Particle Volume Monitor-100 (PVM-100) and the King probe, respectively. The cloud microphysical properties in Herman and Curry (1984) and Pinto et al. (2001) were measured by the Knollenberg FSSP and FSSP-100, respectively.
Comparing Table 4 with Table 2 , we find that in all comparisons, one or two parameters of the surface-derived cloud microphysics, such as r e , N, and LWC, agree with the in situ data but not all at the same time. While it is possible that the discrepancies may be due to instrumental or algorithmic uncertainties, they can also arise from the effects of ice crystals in liquid-dominant clouds, cloud vertical structure that is not totally sampled by the aircraft measurements, and different locations and years. Although these comparisons using the surface and aircraft data are limited, it appears that the surface-retrieved cloud microphysical properties are in reasonable agreement with the aircraft in situ measurements. While it is not possible to validate the surfaceretrieved cloud microphysics using the aircraft observations shown in Table 4 , the surface retrieval algorithm has been partially validated elsewhere (Dong et al. 1998 ). The question we attempt to address with the comparison between Tables 4 and 2 is whether the summer 2000 results fit within the general context of other data collected in the Arctic region.
e. Radiative properties
Using a simple radiation model, Leontyeva and Stamnes (1994) estimated cloud optical depths from groundbased measurements of incoming solar irradiance at Barrow during April-October 1988. The estimations of cloud optical depth were performed for all overcast cloudy conditions based on hourly mean values of incoming and reflected solar irradiances at the surface measured by the pyranometers with the assumptions of plane-parallel and homogeneous cloud layers and fixed r e (ϭ7 m). The monthly averaged values during May-August 1988 were 11, 12, 10, and 20, respectively. The averaged values during June and July are nearly the same as those in this study (Table 2) , while the mean value in May is smaller. In August, derived by Leontyeva and Stamnes is much higher than the values of other months in their study and the same month in this study.
The monthly averaged surface albedos during MaySeptember 1988, derived from the reflected and incident solar irradiances in Leontyeva and Stamnes's study, are almost the same as those in this study (Table 2) . Curry et al. (2001) also presented the R sfc values derived from the surface-based PSP measurements during the FIRE ACE and SHEBA field experiments and showed that surface albedos in May and late September are the same as those in this study and during the summer (July and early August) they are around 0.5. During summer, the difference of R sfc in these two sites is mainly due to the difference in surrounding surface types where the NSA site was covered by low-albedo tundra surrounded by open water (Leontyeva and Stamnes 1994) , while the SHEBA ship was covered by a mosaic of low-albedo melt ponds interspersed with much higher albedo regions of ice .
f. Cloud radiative forcing Intrieri et al. (2002a) studied an annual cycle of Arctic surface cloud radiative forcing from data obtained during the SHEBA experiment with the same instruments as in this study. The CRF reported in the Intrieri et al. study used the measured fluxes under all-sky conditions, that is, including clear sky, clouds at all levels and fractional amounts. The CRF used in this study is analogous to the maximum CRF defined in the Intrieri et al. study (cloud fraction ϭ 1 for overcast low-level stratus clouds, and cloud fraction ϭ 0 for clear sky). The clear-sky LW and SW fluxes in the Intrieri et al. study were calculated using the Santa Barbara discrete ordinate radiative transfer atmospheric radiative transfer computer code with the inputs of rawinsonde soundings. Since the clear-sky and cloudy fluxes are different between the SHEBA experiment and this study, the comparison of CRF for these two sites should be viewed with caution. The LW CRFs between the ARM NSA site and SHEBA ship are nearly the same, but the values of negative SW CRF at the ARM NSA are much larger than at the SHEBA ship. At the ARM NSA site, the summer cooling period is much longer (2-3 months vs 1-2 weeks), and the summer cooling magnitude is much larger (Ϫ100 W m Ϫ2 vs Ϫ5 W m Ϫ2 ) than at the SHEBA ship. To study the difference of CRFs between all clouds and low-level stratus clouds, we calculated five months of all-cloud CRFs at the ARM NSA site and listed them in Table 5 . Comparing to the low-cloud downward LW flux (DLWF), the single-layer cirrus DLWF is lower while the cumulus DLWF is nearly the same. Therefore, the all-cloud net LW fluxes are slightly more negative than those of the low clouds during the 5-month period, which results in smaller LW CRFs for all clouds when the same clear-sky LW flux is used. When cirrus clouds occur over low clouds, the DLWF does not change too much, but the downward SW flux (DSWF) is decreased but not much since most low clouds are already optically thick in this study. Comparing to the low-cloud DSWF, the single-layer cirrus DSWF increases considerably, especially for broken cirrus clouds, while the cumulus DSWF decreases significantly. Therefore the all-cloud SW CRFs are nearly the same as the low-cloud values when the effects of cirrus and cumulus are balanced, and sometimes they do not agree when one of these two clouds dominates.
To further study the impact of surface albedo on the surface radiation budget, we calculate the CRFs of lowlevel stratus clouds in August at the ARM NSA site with fixed R sfc (ϭ0.5) for both clear and cloudy periods, and compare these results with the SHEBA August CRFs (Intrieri et al. 2002a) as shown in Table 6 . Comparing to the original August CRFs at the NSA site, the newly calculated LW CRFs (with fixed R sfc ϭ 0.5) are the same but the SW CRFs are significantly decreased, which results in a small negative net CRF. Comparing to the SHEBA results, the newly calculated LW and SW fluxes and CRFs are much larger (in absolute sense) than those at the SHEBA ship owing to lower solar zenith angle and warmer atmosphere at the NSA site.
g. Summary
The formation, maintenance, and dissipation processes of Arctic stratus clouds are significantly different from midlatitude stratus clouds. In the Arctic the dissipative processes that destroy stratus clouds in the midlatitudes, such as precipitation, convective heating from the surface, and absorption of solar radiation, are often either nonexistent and/or are relatively weak. The comparison of cloud fractions between this study and the FIRE ACE and SHEBA experiments agree reasonably well. For the cloud microphysics, one or two parameters of the surface-derived cloud microphysics (i.e., r e , N, LWC) in this study agree with the in situ data but not all at the same time. Although these comparisons using the surface and aircraft data are limited, the surfaceretrieved cloud microphysical properties in this study agree reasonably well within the range found by aircraft in situ measurements over the western Arctic Ocean during other field experiments. The climatology of Arctic aerosol characteristics and their trajectories shows a D O N G A N D M A C E maximum concentration in winter and a minimum in summer. This is consistent with the seasonal variation of cloud microphysics found in this study. The surface albedos at the SHEBA ship and the ARM NSA site are similar in May and late September because both sites are snow-covered. Comparing the net CRFs at the ARM NSA site with those at the SHEBA ship, the summer cooling period at the ARM NSA site is much longer (2-3 months vs 1-2 weeks), and the summer cooling magnitude is much larger (Ϫ100 vs Ϫ5 W m Ϫ2 ) than at the SHEBA ship owing to much higher surface albedo and larger solar zenith angle at the SHEBA ship than at the ARM NSA site.
Conclusions
A 5-month record of low-level stratus cloud properties (May-September 2000) has been generated to determine the seasonal variation of Arctic stratus cloud macrophysical, microphysical, and radiative properties at the ARM NSA site, and also to examine the impact of stratus cloud properties on the Arctic surface radiation budget. We have also compared the summer 2000 results with datasets collected elsewhere in this region. From the summer 2000 results and comparisons with other datasets, we have found the following:
1) The monthly averaged cloud properties, summarized in Table 2 , show that the averaged total and lowlevel cloud fractions during the study period are 0.87 and 0.55, with minima in June and maxima in May and September, respectively. Almost all low-cloud base heights are around 0.4 km and top heights are 0.8 km, except in September where both Z base and Z top values are above 1 km. Both cloud-base and -top temperatures increase more than 10 K from the spring to the summer. The means of cloud-droplet effective radius and number concentration are close to 8 m and 220 cm Ϫ3 during the spring, and 13 m and 60 cm Ϫ3 during the summer, respectively. The net cloud radiative forcing cools the surface during the summer and warms the surface during the spring and autumn periods, confirming that Arctic stratus clouds enhance the springtime melting and slow down the autumn freezing of the ice pack compared to having no clouds.
2) The total cloud fractions in this study show good agreement with the satellite and surface results compiled from data collected during the FIRE ACE and SHEBA field experiments in 1998. The cloud microphysics derived from this study, in general, are similar to those collected in past field programs although these comparisons are based on data collected at different locations and years. No attempt has been made to validate the surface-derived cloud properties in this study using aircraft and satellite data. Our goal is to show that the summer 2000 results at the ARM NSA site fit within the general context of other data collected in this region. The surface albedos (ϳ0.8) at both SHEBA and the NSA site are the same in May and late September. In summer the surface albedo at the ARM NSA site is around 0.2, which is significantly lower than at the SHEBA ship (ϳ0.5) owing to the different surface types. The summer cooling period at the ARM NSA is much longer and significantly stronger than that at the SHEBA ship. The ARM NSA site seems to represent reasonably well Arctic land areas and adjacent openocean regions that transition to low surface albedo and a net negative CRF in summertime, while the SHEBA ship data record represents sea-ice-covered latitudes with larger surface albedo and weaker solar radiation where the net CRF remains weakly positive or neutral during the summer.
The above conclusions are based only on data complied from May to September 2000 at the ARM NSA site, and on comparisons with limited surface, aircraft, and satellite results at different locations and years. No attempt has been made to give an exhaustive climatology of Arctic stratus clouds; rather, our emphasis is to provide fundamental statistical information about Arctic stratus clouds that are useful for improving and/or developing Arctic stratus cloud parameterizations for process models. In order to improve the representation of cloud microphysics and the associated heating and other feedbacks in these models, the actual physical processes that lead to cloud formation and maintenance must be physically understood and parameterized so that the modeled hydrological cycle can faithfully represent what is found in nature. Ultimately, improved parameterizations can only result from a combined effort that builds on the synergy of long-term observations, collocated aircraft data, and satellite data coupled with cloud-resolving models (Krueger 1988) , single column models , and full GCMs. of single-layer and overcast low-level stratus clouds, D97 used a delta-2-stream radiative transfer model in conjunction with ground-based measurements. The retrieval scheme is based on an iterative approach that varies r e in the radiative transfer calculations until the model-calculated solar transmission matches the measured value. The retrieved cloud properties include the layer-mean cloud-droplet effective radius (r e ) and number concentration (N), broadband shortwave optical depth (), and albedos at the top of cloud and atmosphere (R cldy , R TOA ) with the derived R sfc . D98 parameterized the retrieved r e and radiative properties as a function of the cloud LWP, the effective solar transmission (␥), and cosine of the solar zenith angle ( 0 ). The retrieved and parameterized cloud microphysical properties have been validated by aircraft in situ measurements in the midlatitudes (Dong et al. 1998 (Dong et al. , 2002 and in the Arctic region .
The method to develop the new parameterization is the same as that in D98; at first we retrieve r e using the D97 technique with the inputs of surface measurements, such as cloud LWP, ⌬Z, ␥, and R sfc , and then we parameterize r e as a polynomial function of cloud LWP, ␥, 0 , and R sfc . The D98 parameterization is primarily developed for low R sfc where single-layer, liquid-phase, and daytime cloud conditions exist. The new parameterization, reported here for the first time, is the same as that described by D98 except the impact of R sfc is included. To demonstrate the impact of R sfc on cloud albedo and transmission, Fig. A1 is plotted using a twostream discrete-ordinate method (Liou 1974) . The cloud albedo and transmission only depend on for R sfc ϭ 0, but they monotonically increase with increased R sfc . The dependence of cloud albedo and transmission on becomes smaller with increased R sfc . Therefore, cloud albedo and transmission depend on both and R sfc for conservative scattering, as shown in Fig. A1 . However, if clouds absorb appreciably, the influence of R sfc on cloud albedo would depend on the amount of cloud absorption and . The effective solar transmission (␥), which relies on the measured total downward solar flux at the surface, also increases with increased R sfc due to the multiple reflections of solar radiation between the cloud layer and the highly reflective surface.
To develop the new parameterization, we use 13 cases (ϳ91 h of data) with the range of R sfc from 0.1 to 0.9 selected from the present study period at the ARM NSA site. The retrieved values of r e from the D97 method are parameterized as a polynomial function of cloud LWP, ␥, 0 , and R sfc as follows: where the units of LWP and r e are 100 g m Ϫ2 and m, respectively. Equation (A1) is similar to (9) of D98 except that R sfc is included. Once r e is known, N and can be estimated The logarithmic width x is set to 0.38 (Miles et al. 2000) , and ⌬Z is cloud thickness derived from the difference of cloud-top and -base heights. Fixing x in the scheme does not lead to significant errors in the retrieval values of r e , while N changes by 15%-30% as x varies from 0.2 to 0.5 (D97).
The D98 cloud albedo (R D98 ) and transmission (T D98 ) were calculated with the inputs of retrieved r e and N, along with the measured cloud-base and -top heights using the same radiative transfer model as in the retrieval of r e and N but with R sfc ϭ 0. The resulting values for R D98 and T D98 are then fit with polynomial function of LWP, r e , and 0 : R ϭ Ϫ0.089 Ϫ 0.089r Ϫ 0.19 ϩ 0.405 ln(LWP) 
e where the units of LWP and r e are g m Ϫ2 and m, respectively. The R D98 and T D98 are nearly the same as the bulk cloud-top albedo R cldy and measured ␥ over land and ocean for low R sfc , but not for high R sfc . The R cldy , a result found during the retrieval of r e , has the following relationship with R D98 , T D98 , and R sfc based on a total of 91 h of measurements and retrievals: R ϭ R ϩ R T . cldy D98 sfc D98
(A6) The R cldy in (A6) will equal R D98 if R sfc ϭ 0. The bulk TOA albedo (R TOA ), on average, is 82.6% of the R cldy with only a 2% variation around the average value during the 91-h period. The rms errors in the parameterizations of r e and R cldy relative to the retrieved values are similar to those reported in D98, around 11% and 4% (Fig. A2) , respectively.
To illustrate the importance of r e and R sfc to R cldy , Fig.  A2 is produced from (A6) for a variety of cloud LWP, r e and R sfc with a specified 0 . As Fig. A2 demonstrates, for fixed LWP, R cldy has a significant dependence on both r e and R sfc . The quantitative dependence of r e on cloud LWP, ␥, and R sfc is also illustrated in Fig. A2 where r e exhibits a strong positive correlation with ␥ for a given R sfc and a negative correlation with R sfc for a fixed ␥. Most of data points (circles) fall within the lower and upper limits of calculations (lines) from the new parameterizations (A1, A6) as shown in Fig. A2 .
